A series of chloride receptors has been synthesized containing an amide hydrogen bonding site and a hydroquinone motif. It was anticipated that oxidation of the hydroquinone unit to quinone would greatly the diminish chloride binding affinity of these receptors. A conformational switch is promoted in the quinone form through the formation of an intramolecular hydrogen bond between the amide and the quinone carbonyl, which blocks the amide binding site. The reversibility of this oxidation process highlighted the potential of these systems for use as redox-switchable receptors. 1 H-NMR binding studies confirmed stronger binding capabilities of the hydroquinone form compared to the quinone; however, X-ray crystal structures of the free hydroquinone receptors revealed the presence of an analogous inhibiting intramolecular hydrogen bond in this state of the receptor. Binding studies also revealed interesting and contrasting trends in chloride affinity when comparing the two switch states, which is dictated by a secondary interaction in the binding mode between the amide carbonyl and the hydroquinone/quinone couple. Additionally, the electrochemical properties of the systems have been explored using cyclic voltammetry and it was observed that the reduction potential of the system was directly related to the expected strength of the internal hydrogen bond.
Introduction
Considerable effort has been devoted to the development of sophisticated and functional molecular machine architectures [1] [2] [3] [4] . An integral part of this endeavour has focused on constructing simple molecular switches that mimic elegant examples found in nature [5] [6] [7] and expanding the scope of their functional remit to new applications [8] [9] [10] [11] [12] . This includes the field of anion recognition chemistry, with systems being applied in the detection and extraction of environmentally damaging and biologically important ions [13] [14] [15] [16] . Switchable systems associated with anion recognition have focused mainly on anion-mediated events, where a coordination event induces a detectable change in the molecule which can be sensed by a reporter group [17] [18] [19] [20] . However, the field is beginning to expand to include systems where the binding itself can be controlled by external stimuli.
We have previously reported examples of pH-dependent anion receptors which promote chloride efflux under acidic conditions [21] [22] [23] . Switchable transporters may allow the movement of anions in healthy cells to be regulated, akin to the mechanism found in many transport proteins [7, 24] , or find use in targeting cancer cells for efflux induced apoptosis [25, 26] . Additionally, a small number of compounds has been developed in which anion binding can be controlled by a photophysical input [27, 28] . Photoisomerization can be used to alter the shape of the binding cleft, resulting in a difference in binding affinity between the two states [29, 30] . The application of switches governed by electrochemical stimuli provides another method through which anions can be bound and released, yet these systems remain underexplored.
The hydroquinone/quinone redox couple is found extensively throughout biology [31, 32] , and its well-defined electrochemical properties highlighted its potential candidacy for use in a switchable receptor system [33] [34] [35] . With this in mind, we designed a simple yet novel receptor scaffold consisting of a hydroquinone motif with an appended benzamide group. It was envisaged that the convergent hydrogen bonds of the amide and one of the hydroquinone OH group could create a chloride recognition site inspired by similar benzenediol receptors [36] . Subsequent oxidation to the corresponding quinone would induce a rotation around the quinone-benzamide bond due to the favorable formation of an intramolecular hydrogen bond, which is demonstrated in Figure 1 . The oxidation event removes the OH groups and causes a conformational change in the orientation of the amide NH and would therefore greatly diminish the chloride affinity of the oxidised form of the receptor.
Chemistry 2019, 1, x 2 in binding affinity between the two states [29, 30] . The application of switches governed by electrochemical stimuli provides another method through which anions can be bound and released, yet these systems remain underexplored. The hydroquinone/quinone redox couple is found extensively throughout biology [31, 32] , and its well-defined electrochemical properties highlighted its potential candidacy for use in a switchable receptor system [33] [34] [35] . With this in mind, we designed a simple yet novel receptor scaffold consisting of a hydroquinone motif with an appended benzamide group. It was envisaged that the convergent hydrogen bonds of the amide and one of the hydroquinone OH group could create a chloride recognition site inspired by similar benzenediol receptors [36] . Subsequent oxidation to the corresponding quinone would induce a rotation around the quinone-benzamide bond due to the favorable formation of an intramolecular hydrogen bond, which is demonstrated in Figure 1 . The oxidation event removes the OH groups and causes a conformational change in the orientation of the amide NH and would therefore greatly diminish the chloride affinity of the oxidised form of the receptor. A series of hydroquinone-benzamide receptors appended with a variety of electron withdrawing and donating groups was prepared. Subsequently, these molecules were oxidised to afford their quinone forms. Chloride binding affinity has been determined, and the results compared to evaluate the effect of the redox-activated conformational switch on chloride recognition. Additionally, cyclic voltammetry has been used to study the electrochemical properties of the receptors.
Results and Discussions

Synthesis
Hydroquinones 1-4 were prepared following a literature procedure for the parent compound [37] , which can be followed in Figure 2 . Initially, 2,5-dimethoxybenzoic acid was reacted with oxalyl chloride in dry toluene to afford the acid chloride. Immediate reaction with the respective aniline derivative under basic conditions resulted in the preparation of dimethoxybenzamide compounds 9-12 in yields of between 38-69%. Subsequently, the compounds were reacted with boron tribromide at 0 °C to yield the hydroquinone series. A number of methods were attempted to successfully oxidise the hydroquinones to their quinone forms. Initially, reactions of the hydroquinone compounds with FeCl3 and cerium ammonium nitrate respectively did not lead to the formation of product. This may be due to the instability of the final product in methanol, which caused conversion back to the hydroquinone species, and separation problems as a consequence of additional products. Incomplete conversion to the quinone product in solution led to the formation of a purple compound, identified as a sandwich quinhydrone-like complex which contains one unit each of hydroquinone and quinone [38] . A series of hydroquinone-benzamide receptors appended with a variety of electron withdrawing and donating groups was prepared. Subsequently, these molecules were oxidised to afford their quinone forms. Chloride binding affinity has been determined, and the results compared to evaluate the effect of the redox-activated conformational switch on chloride recognition. Additionally, cyclic voltammetry has been used to study the electrochemical properties of the receptors.
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Hydroquinones 1-4 were prepared following a literature procedure for the parent compound [37] , which can be followed in Figure 2 . Initially, 2,5-dimethoxybenzoic acid was reacted with oxalyl chloride in dry toluene to afford the acid chloride. Immediate reaction with the respective aniline derivative under basic conditions resulted in the preparation of dimethoxybenzamide compounds 9-12 in yields of between 38-69%. Subsequently, the compounds were reacted with boron tribromide at 0 • C to yield the hydroquinone series. A number of methods were attempted to successfully oxidise the hydroquinones to their quinone forms. Initially, reactions of the hydroquinone compounds with FeCl 3 and cerium ammonium nitrate respectively did not lead to the formation of product. This may be due to the instability of the final product in methanol, which caused conversion back to the hydroquinone species, and separation problems as a consequence of additional products. Incomplete conversion to the quinone product in solution led to the formation of a purple compound, identified as a sandwich quinhydrone-like complex which contains one unit each of hydroquinone and quinone [38] . Chemistry 2019, 1, x 3 Conversion was successfully achieved by adding silver oxide to a suspension of the hydroquinone derivatives in dichloromethane [39] . Only the quinone compound enters the solution, meaning the formation of quinhydrone can be avoided. The quinone series was successfully isolated with yields ranging from 52-83%. All new compounds were characterized by 1 H-NMR and 13 C { 1 H}-NMR. The dimethoxybenzamide and hydroquinone compounds were characterized using Electrospray Ionization (ESI) mass spectrometry, and the quinones using Atmospheric-Pressure Chemical Ionization (APCI) mass spectrometry. Full details and characterization are provided in the Supplementary Material.
Crystals of Compound 3 were grown by slow evaporation of an acetonitrile solution of the receptor and the structure was elucidated by single crystal X-ray diffraction (CCDC 1919631). The structure (Figure 3a) shows the receptor adopting the expected conformation in the solid state with an intramolecular hydrogen bond between hydroquinone oxygen O17 and amide oxygen O10 (2.52(4) Å ). Crystals of Compound 4 were grown in a similar fashion from a saturated acetonitrile solution and the structure was elucidated by single crystal X-ray diffraction (CCDC 1919630) . In this case, the compound crystallized as the acetonitrile solvate with the acetonitrile bound via a hydrogen bond to the hydroquinone oxygen (O2 … N2 2.818(9) Å ) ( Figure 3b ). There was an additional intramolecular hydrogen bond between amide N1 and hydroquinone O2 (N1 … O2 2.645(8) Å ) stabilizing the solvate in an alternate conformation to that adopted by Compound 3 in the solid state. Conversion was successfully achieved by adding silver oxide to a suspension of the hydroquinone derivatives in dichloromethane [39] . Only the quinone compound enters the solution, meaning the formation of quinhydrone can be avoided. The quinone series was successfully isolated with yields ranging from 52-83%. All new compounds were characterized by 1 H-NMR and 13 C { 1 H}-NMR. The dimethoxybenzamide and hydroquinone compounds were characterized using Electrospray Ionization (ESI) mass spectrometry, and the quinones using Atmospheric-Pressure Chemical Ionization (APCI) mass spectrometry. Full details and characterization are provided in the Supplementary Materials.
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Anion Binding Studies
Binding affinities with chloride were determined for Compounds 1-8 using 1 H-NMR spectroscopy titration techniques, with the results displayed in Table 1 . Studies for the quinone receptors 5-8 were conducted in pure acetonitrile-d3 and for the hydroquinones 1-4 in acetonitrile-d3/1% DMSO-d6 to assist with solubility. The amide hydrogen of the quinone species 5-8 was followed and fitted to a 1:1 binding model using Bindfit [40] . For titrations with the hydroquinone species, the change in chemical shift of both the hydroxyl and amide hydrogens were followed where possible. The resultant binding for these compounds proved complex and the data could not be fitted adequately to a 1:1 model. However, fitting to a 2:1 binding model provided a greater than 10 times increase in the quality of fit (covfit, see supporting information), which is evidence in support of the formation of a 2:1 complex in the presence of small amounts of chloride. It is likely that a 1:1 complex is favored as the concentration of chloride in solution is increased following the equilibrium:
The interaction parameter, α, was calculated for the series 1-4 and was found to have a value of α > 14 in all cases. Values of α > 1 describe positive cooperative binding [41] , and this can be taken as further evidence for the initial favorable formation of a 2:1 complex at low chloride equivalents.
Compound 5 was also titrated with TBACl in acetonitrile-d3/1% DMSO-d6, the solvent mixture used in the hydroquinone receptor experiments. The more complex 2:1 binding exhibited by receptor 1 means direct comparison is difficult, however both K21 and K11 for 1 are larger than the association constant for equivalent quinone Compound 5 with chloride. Interestingly, the hydroquinone series do not follow the expected trend where increasing the electron-withdrawing power of the motif appended to the amide increases the binding affinities, because a more polarized N-H bond should result in stronger hydrogen bond formation.
Receptor 4 possesses the most strongly electron-withdrawing substituents and the X-ray crystal structure of the free receptor revealed the presence of a surprising alternate conformation, which can be seen in Figure 3b . In this case, a stronger amide hydrogen bond results in a premature switch in the molecule due to the formation of an intramolecular hydrogen bond between the amide proton and the hydroxyl oxygen. This competing interaction blocks the availability of the binding site, adversely affecting chloride affinity with increasing magnitude for receptors with the highest degree of electron-withdrawing substitution. The chloride binding event reverts the conformation back to the anticipated binding mode, which is evidenced by the downfield shift of both hydroxyl protons during the titration experiments. One hydroxyl group is involved in convergent chloride binding with the amide, while the other shifts due to the formation of another intramolecular hydrogen bond with the amide carbonyl upon altering conformation. The second hydroxyl peak shift would not be expected to be as significant if due only to inductive effects of chloride binding. This secondary hydrogen bond can also be considered to play a part in the reduction in chloride affinity as stronger electron-withdrawing groups are appended. Removing electron density from the amide carbonyl will 
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Receptor 4 possesses the most strongly electron-withdrawing substituents and the X-ray crystal structure of the free receptor revealed the presence of a surprising alternate conformation, which can be seen in Figure 3b . In this case, a stronger amide hydrogen bond results in a premature switch in the molecule due to the formation of an intramolecular hydrogen bond between the amide proton and the hydroxyl oxygen. This competing interaction blocks the availability of the binding site, adversely affecting chloride affinity with increasing magnitude for receptors with the highest degree of electron-withdrawing substitution. The chloride binding event reverts the conformation back to the anticipated binding mode, which is evidenced by the downfield shift of both hydroxyl protons during the titration experiments. One hydroxyl group is involved in convergent chloride binding with the amide, while the other shifts due to the formation of another intramolecular hydrogen bond with the amide carbonyl upon altering conformation. The second hydroxyl peak shift would not be expected to be as significant if due only to inductive effects of chloride binding. This secondary hydrogen bond can also be considered to play a part in the reduction in chloride affinity as stronger electron-withdrawing groups are appended. Removing electron density from the amide carbonyl will deplete the strength of this stabilizing secondary hydrogen bond and hence diminish the favorability of the binding mode. Table 1 . Overview of the 2:1 association constants for the complexation of hydroquinone receptors 1-4 and Cl − (as TBA salt) in CD 3 CN/1% DMSO-d 6 , their interaction parameters (α), and the 1:1 association constants for the complexation of quinone Compounds 5-9 with Cl − in pure CD 3 CN. The 1:1 association constant for 5 and Cl − in CD 3 CN/1% DMSO-d 6 is also reported. In comparison, the quinones 5-8 have a stronger chloride affinity with increasingly electron-withdrawing appendages. Repulsion between the quinone carbonyls and the approaching chloride anion inhibits binding, and repulsion is reduced when electron density is pulled away from the quinone system. The anticipated intramolecular hydrogen bond between the amide and hydroquinone carbonyl is still expected to interfere with binding, however in this case the chloride binding event is not enhanced by the formation of a new intramolecular hydrogen bond with the amide carbonyl. Instead, it is hindered by additional repulsion between the amide and quinone carbonyls, which is diminished in the presence of more potent electron-withdrawing groups.
Hydroquinone
The converse trends in binding strengths between the reduced and oxidised forms of the receptors highlight the importance of the relationship between the hydroquinone/quinone couple and the amide carbonyl in dictating chloride affinity. 1 H-NMR titrations were also performed for the dimethoxybenzamide Compounds 9-12 with TBACl and fitted to a 1:1 binding model. The association constants were all found to be greater than 7 M −1 , highlighting the importance of the hydroquinone hydroxyl proton in creating a convergent anion binding site. Full titration data and fitting for these species can be found in the Supplementary Materials. The likely presence of an amide intramolecular hydrogen bond in the lowest energy conformers of both the hydroquinone and quinone forms of the receptors suggest that this singular contribution cannot result in the differences in binding affinity reported. A combination of the relative strengths of this intramolecular bond, the convergent nature of the hydroquinone binding cleft and the influence of the amide carbonyl over the stability of the binding mode all must be factored in when considering the stronger binding exhibited by the hydroquinone species.
Electrochemical Studies
Cyclic voltammetry (CV) experiments were employed to assess the electrochemical properties and reversibility of the quinone/hydroquinone couples. The compounds were dissolved in a 0.1 M TBAPF 6 /CH 3 CN solution and the potential was swept at a rate of 100 mVs −1 between a range of 800 to −1000 mV. Ferrocene was also added to the solution and used to reference the reduction potentials acquired for each couple, which are displayed in Table 2 . The results indicate a direct correlation between the electron-withdrawing power of the functional group and how readily the quinone motif is reduced. The effect of an intramolecular amide hydrogen bond on the quinone reduction potential has been previously reported [34, 42] , and the trend observed for quinones 5-8 suggests that a similar interaction is in effect. The internal hydrogen bond pulls electron density away from the quinone group, allowing electrons to be accepted more easily by the system. A stronger hydrogen bond will withdraw a greater amount of electron density as evidenced by the reduction potentials of quinones 5 and 8. The presence of strongly withdrawing bis-CF 3 groups in Compound 8 results in an almost 100 mV difference in reduction potential.
The reversibility of the quinone/hydroquinone couple was evaluated by conducting a series of cyclic voltammetry experiments with varying scan rates. The compounds were dissolved in the same solvent mixture used in the previous experiments, and voltammograms were collected between a range of 800 to −1000 mV for a range of scan rates from 20-300 mVs −1 , of which an example can be viewed in Figure 4 . The Randles-Sevcik equation states that for an electrochemically reversible process, a plot of I p (peak current) against v 1/2 (root of scan rate) should return a linear relationship which passes through the origin [43] . Data were plotted for each of the quinone systems (see Supporting Information) and a linear correlation was observed for quinones 5-7. Compound 8 however did not follow a linear trend and ∆E p (the separation of the cathodic and anodic peaks) grew larger with increasing scan rate. This indicates that this redox couple is quasireversible, and that the stability of the hydrogen bond may be affecting the kinetics of the electron transfer process.
Chemistry 2019, 1, x 6 as evidenced by the reduction potentials of quinones 5 and 8. The presence of strongly withdrawing bis-CF3 groups in Compound 8 results in an almost 100 mV difference in reduction potential. The reversibility of the quinone/hydroquinone couple was evaluated by conducting a series of cyclic voltammetry experiments with varying scan rates. The compounds were dissolved in the same solvent mixture used in the previous experiments, and voltammograms were collected between a range of 800 to −1000 mV for a range of scan rates from 20-300 mVs −1 , of which an example can be viewed in Figure 4 . The Randles-Sevcik equation states that for an electrochemically reversible process, a plot of Ip (peak current) against v 1/2 (root of scan rate) should return a linear relationship which passes through the origin [43] . Data were plotted for each of the quinone systems (see Supporting Information) and a linear correlation was observed for quinones 5-7. Compound 8 however did not follow a linear trend and ΔEp (the separation of the cathodic and anodic peaks) grew larger with increasing scan rate. This indicates that this redox couple is quasireversible, and that the stability of the hydrogen bond may be affecting the kinetics of the electron transfer process.
Figure 4.
Overlay of cyclic voltammograms of Compound 7 recorded with increasing scan rate from 20 mVs −1 to 300 mVs −1 . The current response increases with scan rate.
Conclusions
We have demonstrated that the hydroquinone/quinone redox couple can be employed in the creation of a redox-switchable chloride receptor. It was discovered that the intramolecular bond initially expected to only be present in the quinone form of the molecule was also present in the hydroquinone receptor, and it is likely this competing interaction led to a reduction in binding 
We have demonstrated that the hydroquinone/quinone redox couple can be employed in the creation of a redox-switchable chloride receptor. It was discovered that the intramolecular bond initially expected to only be present in the quinone form of the molecule was also present in the hydroquinone receptor, and it is likely this competing interaction led to a reduction in binding capability. Converging trends in binding affinity due to effects dictated by the amide carbonyl resulted in the receptor couples for Compounds 1 and 2 having the greatest difference in binding ability between the two forms of the switch. CV studies highlighted the effect on reduction potential of increasing electron-withdrawing groups, and the results for Compound 8 suggested a loss in reversibility. This can be taken as further evidence of the inhibitory effect of benzamide-appended electron-withdrawing groups on the effectiveness of this class of receptor. Overall, this work has verified the ability of hydroquinone oxidation as a method of reducing anion binding affinity. We are currently exploring the properties of other receptors containing quinoid systems. 
